INTRODUCTION
Thymus-derived CD4ϩCD25ϩforkhead box P3ϩ (FoxP3ϩ) naturally occurring T regulatory cells (Tregs) are CD4 ϩ T cells that have the capacity to suppress T cell responses [1, 2] . Tregs are refractory to TCR-induced proliferation [2, 3] . They depend on IL-2 for survival [4, 5] , and signaling via the high-affinity IL-2R complex, in combination with TCR engagement, is essential for Treg proliferation as well as the acquisition of their potent suppressive function [6] . Treg-mediated inhibition of T cell proliferation and activation is cell contact-dependent [7] , but soluble factors such as TGF-␤ [8] and IL-10 [9, 10] contribute to their suppressive activity as well. Tregs are crucial for maintaining peripheral tolerance by suppressing self-antigen-specific T cell responses in peripheral tissues (reviewed in refs. [11, 12] ).
The transcription factor FoxP3 was described as a marker distinguishing Tregs from CD4 Th cells [13] [14] [15] , and transduction of naïve Th cells with FoxP3 is sufficient to confer regulatory function [13] . Stimulation of Tregs with IL-2 leads to phosphorylation and activation of STAT5 and consequently, binding to the FoxP3 promotor, resulting in enhanced FoxP3 expression [16] . The transcriptional regulation induced by increased levels of FoxP3 is proposed to induce the strong, suppressive activity in naïve Tregs. However, the mechanisms by which Tregs suppress T cells remain incompletely understood.
Interestingly, some cytokines of the IL-2 family, although dependent on the same common receptor ␥-chain (␥c) for signaling, have different effects on Tregs. IL-2 and to a lesserextent, IL-4 can induce proliferation and activation of Tregs in vitro [17] , and IL-7 [18] and IL-15 [19, 20] may increase Treg numbers in vivo.
To understand better the effect of IL-2 family cytokines on Tregs and the effect of STAT5 activation, we analyzed the effect of IL-2 family cytokines on STAT5 phosphorylation, FoxP3 expression, Treg-mediated suppression, and Treg survival. We found that cytokine receptor expression in CD4 Th and Tregs is similar, with the exception of the constitutively high levels of CD25 (IL-2R␣) expression in Tregs: IL-7R is down-regulated upon TCR activation, and CD25 and IL-15R are up-regulated. All three cytokines, IL-2, -7, -15, can induce phosphorylation of STAT5 if the receptor is expressed and can induce FoxP3 up-regulation. However, only IL-2 is capable of inducing strong suppressor function in Tregs, indicating that FoxP3 up-regulation alone is not sufficient to promote the suppressive effects of Tregs. Interestingly, IL-21 activates STAT3 in Tregs but does not induce suppressor function either.
MATERIALS AND METHODS

Mice
Four-to 5-week-old C57BL/6ϫC3H/HeN F1 (B6C3F1) mice were purchased from the National Cancer Institute (NCI) Animal Production Area Facility (Frederick, MD, USA). TCR II mice bear a TCR transgene specific for SV40 TAg 362-384 (32) restricted by I-A k [21] and were a kind gift of D. Hanahan (University of California San Francisco, CA, USA). These mice were bred onto a RAG Ϫ/Ϫ background. All mice were maintained in a specific pathogen-free facility and used for experiments at the ages of 7-9 weeks. Mice were treated in accordance with the National Institutes of Health Guidelines under protocols approved by the NCI-Frederick Institutional Animal Care and Use Committees.
Antibodies and reagents
, and anti-p-STAT5 (Y694)-PE antibodies were purchased from BD PharMingen (San Diego, CA, USA); anti-FoxP3-allophycocyanin (FJK-16 s) and anti-IL-7R␣-PE-Cy5 antibodies were purchased from eBioscience (San Diego, CA, USA); anti IL-15R-biotin antibody was purchased from R&D Systems (Minneapolis, MN, USA); anti-CD16/32 hybridoma (2.4G2; ATCC HB-217) was used as a cell supernatant; and anti-IL-21R-biotin antibody was a kind gift from Dr. Thomas Malek (University of Miami School of Medicine, FL, USA).
TAg 362-384 (TNRFNDLLDRMDIMFGSTGSADI) peptide was purchased from New England Peptide (Gardner, MA, USA), and the purity was Ͼ90% based on HPLC assay. Human (h)IL-2 was donated by Cetus (Emeryville, CA, USA); murine recombinant (mr)IL-7, mrIL-15, and mrIL-21 were purchased from R&D Systems. For all assays, T cell media were used: RPMI, supplemented with 10% heat-inactivated FCS, 2 M L-glutamine, 1 mM sodium pyruvate, 1 U/ml penicillin, and 1 g/ml streptomycin. Cells were cultured at 37°C in a humidified incubator with 5% CO 2 .
Treg purification
Single-cell suspensions of spleen and lymph nodes were prepared by grinding tissues between the frosted end of microscope slides and passed through a 50-m nylon filter (Falcon Labware). CD4ϩ T cells were enriched from lymphocyte suspension by negative selection with magnetic beads (Dynal Biotech, Carlsbad, CA, USA). The CD4-enriched cells were blocked with anti-CD16/32 (2.4G2) and labeled with 0.5 g/ml PE-coupled anti-CD25 antibody (BD PharMingen) followed by anti-PE magnetic beads (Miltenyi Biotec, Auburn, CA, USA) and selected on a MS column (Miltenyi Biotec). The purity of the CD25-positive fraction (Treg) was determined by flow cytometry and was always Ͼ93% and Ͼ85% FoxP3 ϩ . The CD25-negative fraction was used as Th responder cells.
APC
Thy1.2-positive cells were depleted from spleen cells by magnetic labeling with anti-CD90.2 (Thy1.2) particles (BD PharMingen) following the manufacturer's instructions, irradiated with 3000 Rad using a 137-Cs source and washed before being used as APC.
Flow cytometry
Cells were blocked with anti-CD16/32 antibodies and incubated with the indicated antibodies on ice in the dark for 20 min, washed once, and analyzed on an LSR 2 cytometer (Becton Dickinson, San Jose, CA, USA).
Treg activation and antigen-specific proliferation assay
To preactivate Tregs, 2-4 ϫ 10 5 purified CD4 ϩ 25 ϩ cells were incubated with the indicated cytokines for 3 days in anti-CD3 antibody-coated (5 g/ml)
24-well tissue-culture plates. Cells were then washed and counted. For the inhibition assay, 20,000 lymph node cells from TCR-II transgenic mice were used with the indicated ratio of preactivated Tregs, 100,000 APC, and 100 ng/ml TAg 362-384 peptide in a 96-well round-bottom plate. Proliferation was measured 72 h later by pulsing each well with 1 Ci 3 H-thymidine overnight.
Treg inhibition assay
Inhibition of Th cell proliferation was measured by incubating 20,000 purified CD4 ϩ 25 -Th cells together with the indicated ratio of freshly isolated CD4 ϩ 25 ϩ Tregs, 0.5 g/ml anti-CD3, 100,000 APC, and the indicated cytokines. Proliferation was measured 72 later by pulsing each well with 1 Ci 3 H-thymidine overnight.
STAT phosphorylation assay
Tregs were purified as described above using biotin-labeled anti-CD25. For Treg activation, freshly isolated Tregs were activated for 2 days with platecoated anti-CD3 antibody (5 g/ml, clone 500A2) and 100 U/ml hIL-2. Cells were then harvested, washed three times in RPMI ϩ 0.5% BSA, and incubated for 6 h at 37°C and 5% CO 2 . For the STAT phosphorylation assay, freshly isolated or activated Tregs were washed once, and 5 ϫ 10 5 cells were resuspended in 100 l RPMI ϩ 0.5% BSA at 37°C for 20 min and then stimulated with 50 ng/ml of the indicated cytokine or 100 U/ml for IL-2 and incubated for 20 min at 37°C. The cells were fixed immediately on ice and then stained with APC-conjugated anti-FoxP3 antibody according to the manufacturer's instructions. After FoxP3 staining, the cells were fixed with 2% paraformaldehyde on ice for 20 min, then treated with 90% methanol for 30 min on ice, and then stained for CD4, p-STAT3, and p-STAT5 and analyzed by flow cytometry using FoxP3 expression to gate on Tregs.
FoxP3 expression
Lymph node cells and splenocytes from FoxP3-gfp knock-in mice [22] were prepared in a single cell suspension as described above and sorted by FACS based on gfp expression. The resulting populations were placed into culture dishes with plate-bound anti-CD3 and the indicated cytokines as described above. Forty-eight hours later, cells were harvested and analyzed for FoxP3 expression by flow cytometric analysis. Similar results were obtained using Tregs isolated based on CD25 expression.
RESULTS
Cytokine receptor expression by Th and Tregs
TCR engagement in the presence of moderate concentrations of IL-2 or IL-4 has been reported to induce full inhibitory capacity in Tregs [17, 23] . To determine which additional IL-2 family cytokines may influence naturally occurring Treg function and survival, we first tested cytokine receptor expression on Tregs. We isolated Tregs from naïve mice based on CD4 and CD25 expression and analyzed receptor expression of freshly isolated and activated Tregs by flow cytometry (Fig. 1) . Freshly isolated Tregs (consistently greater than 95% CD4 ϩ CD25 ϩ and at least 85% FoxP3 ϩ ) expressed low but detectable levels of IL-7R and IL-21R but no detectable IL-15R. The level of expression was comparable with resting CD4
ϩ Th cells (Fig. 1 ). Upon activation for 2 days with anti-CD3 and IL-2, expression of CD25 was elevated in Treg and Th cells. Similarly, IL-15R and IL-21R expression was up-regulated, and IL-7R was down-regulated on both cell types after activation, although the decrease in IL-7R expression was more pronounced in Th cells. The expression of these cytokine receptors suggested that Tregs have the potential to respond to all four IL-2 family cytokines, supporting further studies about their role in Treg function.
Costimulation of Treg proliferation by IL-2 family cytokines
It has been well-described that in combination with TCR engagement, IL-2 provides a sufficient costimulatory signal to induce a proliferative response of Tregs in vitro [23, 24] and in vivo [25] . To determine whether other IL-2 family cytokines can promote Treg expansion, we stimulated Tregs with platebound anti-CD3 antibody in the presence of IL-2 family cytokines (Fig. 2) . As reported previously, IL-2 induced strong proliferation of Tregs, even at levels as low as 5 U/ml; a nearly 500-fold increase in 3 H-thymidine incorporation was observed when Tregs were stimulated in the presence of IL-2 when compared with anti-CD3 antibody alone. Despite the expression of IL-7R on naïve Tregs, proliferation in the presence of IL-7 was minimal. A similar observation was noted for IL-21 as well. Surprisingly, IL-15 induced dose-dependent proliferation. At the maximal dose tested (200 ng/ml), Treg proliferation was about half of the maximal response induced with IL-2 but was nearly 300-fold greater than anti-CD3 stimulation of Tregs alone. The proliferating cells were identified as Tregs by flow cytometric analysis of CFSE dilution within the CD4 ϩ CD25
ϩ FoxP3 ϩ population of cells (data not shown).
IL-2 family cytokines affect survival of Tregs
In addition to its effect on Treg proliferation, IL-2 has been shown by others to promote survival of Tregs in vitro and in vivo (reviewed in ref. [26] ). To determine the effect of other IL-2 family cytokines on Treg survival, we tested their effect on naïve and preactivated Tregs using Trypan blue exclusion staining after a 3-day culture with the individual cytokines in combination with anti-CD3. We chose the optimal concentration of the cytokines based on our results for cytokine-induced proliferation (Fig. 2) . Compared with Tregs cultured without cytokines, IL-2, IL-7, and IL-15 were able to increase the number (Fig. 3A , white bars) and sustain the viability (Fig.  3B , white bars) of naïve Tregs. However, consistent with proliferation data presented above, only IL-2 was able to expand naïve Tregs significantly when cultured in combination with TCR engagement (Fig. 3A , shaded bars). IL-2 and IL-15 were able to promote survival and sustain the expansion of preactivated Tregs as well (Fig. 3, A and B, black bars), but IL-2 had a much stronger effect than IL-15 on the naïve cells. In sharp contrast, IL-21 had no influence on Treg viability or expansion (Fig. 3, A and B) , despite expression of its receptor (Fig. 1) .
Induction of suppressor activity by IL-2 family cytokines
Murine Tregs isolated based on CD25 expression do not exhibit potent, spontaneous suppressor activity in vitro but rather require activation through TCR ligation and a second costimulatory signal. Although our findings suggest that IL-2 is the most potent at inducing Treg proliferation in combination with TCR engagement, induction of potent inhibitory function might be regulated independently. Therefore, we tested whether other cytokines can substitute for the essential costimulatory role of IL-2 by culturing Tregs with plate-bound anti-CD3 antibody in the presence of cytokines for 3 days and then measuring their suppressive activity on antigen-specific proliferation of TCR transgenic CD4 ϩ T cells (Fig. 4) . Not surprisingly, IL-2 had the strongest effect on inducing suppressor activity of naïve Tregs. In contrast, IL-7 showed a weak but measurable capacity of inducing Treg-mediated inhibition of proliferation (up to 37% at a 1:1 ratio). Interestingly, activation with IL-15, which induced Treg proliferation and survival, was profoundly weaker than IL-2, but comparable with IL-7. IL-21 had only a minimal effect on inducing Treg-suppressive activity.
Influence of IL-2 family cytokines on Treg-mediated suppression
Previous reports have demonstrated that provision of exogenous IL-2 or IL-12 can reverse Treg-mediated suppression of proliferation when added to the in vitro suppression assay, and transcription of IL-2 mRNA is still inhibited [4, 24, 27, 28] . To test the ability of other IL-2 family cytokines to overcome the Treg-mediated suppression of Th cell proliferation (Fig. 5) , we measured the proliferative response of Th cells cocultured with Tregs, anti-CD3 antibody, and cytokines. As described previously, IL-2 profoundly reversed Treg-mediated suppression of Th cell proliferation, IL-7 partially reversed Treg-mediated suppression, and IL-15 and IL-21 had only minimal effects on Treg-mediated suppression.
STAT3 and STAT5 activation in Tregs
Binding of IL-2 family cytokines to their cognate receptor leads to phosphorylation and the activation of STATs, predominantly STAT1, STAT3, and STAT5, and subsequent translocation to the nucleus and regulation of target gene transcription [29] . To determine whether the signaling pathways of IL-2 family cytokines leading to STAT activation are functional in Tregs, we used intracellular flow cytometric analysis to assess phosphorylation of STAT3 and STAT5 in naïve and activated Tregs.
IL-2 induced STAT5 phosphorylation in naïve and activated Tregs (Fig. 6A) . In contrast, IL-2 induced STAT5 phosphorylation in previously activated CD4
ϩ Th cells but not in resting Th cells in which the high-affinity IL-2R is not expressed. The STAT5 phosphorylation pattern with IL-15 treatment was similar to the pattern observed with IL-2: Strong phosphorylation was noted in naïve and activated Tregs as well as in activated Th cells but not in naïve Th cells. IL-7 also induced STAT5 phosphorylation in naïve Tregs, but this effect was strongly diminished in activated Tregs, consistent with down-regulation of the IL-7R␣ upon activation. A similar pattern of STAT5 activation by IL-7 was seen in Th cells (Fig. 6A) . IL-21 treatment led to low but detectable levels of phosphorylated STAT5 in all T cell populations. Taken together with our findings presented above, these results suggest that STAT5 activation in naïve Tregs may be necessary but is not sufficient to induce suppressor activity.
In contrast to STAT5 responses, no STAT3 phosphorylation was detected in any of the T cell populations tested following stimulation with IL-2, IL-7, or IL-15 (Fig. 6B) . However, IL-21 did induce STAT3 phosphorylation in all four cell populations tested (Fig. 6B) . These findings suggest that STAT3 activation is not sufficient to activate Tregs or induce proliferation, even in the presence of partial STAT5 activation. 
Cytokine-mediated up-regulation of FoxP3 in Tregs
IL-2 and IL-15 are similarly potent in activating STAT5 (Fig.  6) , and STAT5-mediated up-regulation of FoxP3 has been proposed as the mechanism inducing the potent suppressor function in Tregs. We therefore tested the expression levels of FoxP3 in Tregs after stimulation in the presence of IL-2, IL-15, or IL-21 for 48 h. As reported previously, stimulation with anti-CD3 antibody and IL-2 resulted in elevated levels of FoxP3, as measured by gfp expression by Tregs isolated from FoxP3-gfp knock-in mice [22] (Fig. 7) . Similarly, stimulation with anti-CD3 antibody IL-15 or IL-21 also led to an increase in FoxP3 expression, albeit to a slightly lesser extent (Fig. 7) . Interestingly, stimulation of Tregs with IL-2 or IL-15 without anti-CD3 antibody also resulted in an increased level of FoxP3 expression (data not shown), correlating with STAT5 phosphorylation (Fig. 6A) .
DISCUSSION
IL-2 family cytokines are considered powerful tools in tumor immunotherapy as a result of their strong enhancement of T cell proliferation, viability, and effector function. Specifically, IL-15 and IL-21 show strong promise for enhancing CTL expansion and function [30 -33] . As IL-2 signaling was described to be essential, not only for Treg development and homeostasis but also for the induction of potent suppressor 
-CD3, APC, and the indicated cytokines. Proliferation was determined by pulsing the cultures with 3 H-thymidine for the final 18 h. Statistical significance was tested using a Student's t-test by comparing the cytokinestimulated culture with the same population of untreated cells: ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05. The mean Ϯ SD of triplicates of one of three similar experiments is shown. 
Consistent with two recent studies [34, 35] , we demonstrate that IL-7R expression by naïve Treg is low in comparison with naïve Th cells. Interestingly, similar to Th cells [36] , Tregs down-regulate the IL-7R to essentially undetectable levels (Fig. 1) . IL-7R expression correlates IL-7-induced STAT5 phosphorylation in naïve Tregs but diminished STAT5 activation in activated Tregs (Fig. 6) . The observed reduction in STAT5 activation with IL-7 treatment of activated Tregs (presumably as a result of down-regulation of the receptor) is consistent with the more pronounced effect of IL-7 on the viability of naïve versus activated Tregs (Fig. 3) .
Our findings are also consistent with others demonstrating a role for IL-7 in Treg homeostasis in vivo [18] . However, unlike IL-2, we demonstrate that IL-7 is not capable of inducing potent suppressor function or proliferation in Tregs, indicating that IL-7 may function as a homeostatic factor for naïve Tregs and has only limited effects on activated Tregs as a result of the diminished levels of IL-7R. Consistent with these findings, cancer patients treated with IL-7 for lymphopenia showed an increase in conventional T cells but not Tregs [37] , and IL-2 increased the number of Tregs [25] . Thus, the role of IL-7 may be more complex than initially thought and requires further consideration.
As neither freshly isolated Tregs nor Th cells expressed detectable levels of IL-15R␣ chain (Fig. 1) , it was surprising that IL-15 activated STAT5 in Tregs but not in Th cells and promoted Treg survival (Fig. 3) . A possible explanation might be that IL-15 can signal through its low-affinity receptor consisting of the ␤ and ␥ subunits, which it shares with the IL-2R without the need for the unique IL-15R␣ chain [38 -41] . Although Tregs express high levels of IL-2R␤, low levels are expressed by naïve Th cells [42] . Thus, expression of ␤/␥c on Th cells may be too low to induce STAT5 activation by IL-15 but may be sufficient to activate STAT5 in Tregs. The low affinity of the ␤/␥ receptor for IL-15 could also explain the high concentrations needed to induce proliferation in naïve Treg (Fig. 2) . However, our observation of up-regulation of IL-15R␣ expression upon TCR engagement in Tregs could also contribute to proliferation by naïve Tregs in response to IL-15.
Stimulation of Tregs with IL-15 activated STAT5 and enhanced Treg viability at levels comparable with IL-2. However, when provided in combination with TCR ligation, unlike IL-2, IL-15 did not induce suppressor activity in naïve Tregs, despite increased expression levels of FoxP3. Therefore, STAT5 activation seems to be sufficient to induce Treg survival and FoxP3 up-regulation but is not sufficient to induce potent suppressor function in naïve Tregs. The equivalent activation of STAT5 in naïve Tregs by IL-2 and IL-15 suggests that binding of IL-2 to its heterotrimeric receptor complex modulates or makes use of an additional signaling pathway, resulting in the induction of potent suppressor function. The hypothesis is also supported by studies that show that maintenance of suppressor function is regulated by a PI-3K-dependent mechanism independently of FoxP3 expression [20, 43] . Although some differences exist between human and murine Tregs, taken together, these reports and our current findings suggest that STAT5 activation induces Treg survival and FoxP3 upregulation but is not sufficient to promote potent suppressor function in Tregs. As IL-2R␣ has only a short cytoplasmic domain with no known ligand binding or modification motifs, the stronger binding of IL-2 to the heterotrimeric receptor complex [44] or recruitment of the dimeric ␤␥ receptor complex to the lipid rafts following binding of IL-2 to the ␣ chain [45, 46] could lead to receptor cross-talk with other lipid raft-resident receptor complexes.
Although engagement of the costimulatory receptor CD28 has been shown to be essential for Treg homeostasis and proliferation in vivo [47, 48] , the role of CD28 in the induction of suppressor function seems to be less critical than the provision of IL-2 [17] , and the provision of paracrine factors (e.g., IL-2 and its family members) can bypass the need for costimulation. Interestingly, a recent report has demonstrated that CD28-mediated costimulation is critical for TGF-␤-induced Tregs [49] . However, in our studies, unlike IL-2, activation of natural Treg by TCR stimulation and CD28 ligation in the presence of IL-15 did not enhance the induction of suppressor function (data not shown). Although IL-15 did not induce suppressor function in naïve Tregs, IL-15 enhanced Treg viability and sustained the proliferation of activated Tregs without rendering effector cells resistant to Treg-mediated suppression. Therefore, immunotherapy with IL-15 has the potential to increase Treg accumulation in the tumor and should be considered carefully.
In contrast to the other cytokines, IL-21 only induced weak STAT5 phosphorylation and had no influence on Treg survival or induction of suppressor function. However, IL-21 slightly reduced Treg-mediated suppression of Th cell proliferation and induced a small increase in FoxP3 expression. Rather than acting on the Tregs, IL-21 presumably confers partial resistance of Th cells to Treg-mediated suppression of proliferation. This is consistent with a recent report demonstrating selective enrichment of CD8 effector cells using in vitro cultures supplemented with IL-21 [50] . Our results demonstrate that strong phosphorylation of STAT3 induced by IL-21 in Tregs cannot compensate for the lack of STAT5 phosphorylation, further suggesting that STAT5 phosphorylation is essential for Treg viability, which cannot be compensated for by STAT3 activation. The poor STAT5 activation by IL-21 in Tregs might partially explain the higher potency of IL-21 in tumor immunotherapy models when compared with other IL-2 family cytokines [30 -33] . Although immunotherapy with IL-2 can increase Treg numbers in patients [25] , IL-21 is unlikely to do so because of its inability to activate STAT5 in Tregs. This could reduce the potential for tumor relapse and increase the longterm efficacy of IL-21 tumor immunotherapy in comparison with IL-2.
Our findings suggest that IL-2 family cytokines and potentially other cytokines using the STAT5 signaling pathway can strongly increase Treg viability and up-regulation of FoxP3. However only IL-2 induced strong suppressor function in Tregs, indicating that STAT5-mediated up-regulation of FoxP3 expression alone is not sufficient to induce suppressor function. Nevertheless, cytokines such as IL-21, which do not strongly activate STAT5, should be considered for tumor im-munotherapy, so as to prevent detrimental effects on long-term efficacy as a result of increased Treg function and accumulation. These cytokines may not provide efficient costimulation for Tregs and still promote enhancement of effector functions of conventional T cells in the context of a cancer vaccine. Further studies about how IL-15 signaling via the same ␤/␥c as IL-2 can deliver STAT5-mediated signals without inducing potent suppressor function may provide valuable information for enhancing T cell effector function while concurrently dampening or preventing Treg suppressor function and may thus generate more powerful approaches for the immunotherapy of cancer.
